Abstract Three substituent derivatives of glycerol dimethacrylate (GDMA) i.e., acetyloxypropyl dimethacrylate (Acet-GDMA), acryloyloxy-hydroxypropyl methacrylate (GMMA), and acetyloxy-acryloyloxypropyl methacrylate (Acet-GMMA) as well as GDMA were prepared and UVhomopolymerized in the presence of 2,2-dimethoxy-2-phenyloacetophenone. The obtained homopolymers were subjected to dynamic mechanical studies and the deflections versus temperature measurements (HDT) were performed. The content of unreacted double bonds, glass transition temperatures (T g ) as well as degree of inhomogeneity have been examined in all studied systems. Also, expansivity was measured in the function of temperature and the effect of a substituent group on the network properties was investigated. The results show that the hydroxyl-containing networks are characterized by much lower T g and higher degree of heterogeneity than those devoid of hydroxyls. When homopolymerized, hydroxylfree dimethacrylates disclosed untypical deflection pattern which suggests that at higher temperatures the decrease in stiffness is compensated or even overrated by the increase in the specific volume. Expansivity measurements revealed twice as large volume increase of the acetylated polymers as opposed to their hydroxyl-containing analogs. Following these findings, a mechanism of thermally induced polymer ''swelling'' was proposed.
Introduction
Photo-, and thermally initiated polymerization of multifunctional (meth)acrylates produces densely crosslinked polymers with high thermal stability, mechanical strength and chemical resistance. Because of good thermomechanical properties, crosslinked (meth)acrylates have found use in a wide variety of applications. They are successfully employed in coatings for flooring and furniture, dental restorative materials, optical fibers, hard and soft contact lenses, and photolithography [1] [2] [3] [4] [5] [6] .
Crosslinked polymers owe their exceptional properties to the intricacy of the network. Over the past years extensive studies have been utilized to evaluate tridimensional network formation. It has been established that during crosslinking polymerization of multifunctional monomers, networks of high degree of inhomogeneity are formed [7] [8] [9] [10] [11] [12] . This is because the polymerization with crosslinking exhibits specific reaction behaviors, including prominent autoacceleration, autodeceleration, and reactiondiffusion controlled termination [13] [14] [15] . In consequence, functional groups differ in reactivity, and the overall conversion is limited due to hindered mobility of reactive groups [16] . Attempts at increasing network homogeneity have been made and these include the atom transfer radical polymerization [17] , controlled/living radical polymerization [18, 19] , or recently applied thiol-ene-methacrylate systems with step growth polymerization mechanism [20] .
As in any other system, the properties (structure) of the network that evolve during crosslinking polymerization depend on the structures of monomers that are polymerized. Specifically, their type and functionality, length and flexibility of spacer groups, presence/lack of heteroatoms or cyclic structures or aliphatic/aromatic rings have been widely considered [21] [22] [23] [24] [25] [26] [27] [28] . It is now well-known that the increasing monomer functionality increases crosslinking density, but it also increases network heterogeneity and decreases conversion [21] . Monomers with long and flexible spacer chains between unsaturations tend to produce loose networks with high degrees of conversion [22] whereas polymerization of stiff-structured monomers results in rigid networks and low double bond conversions [23] . On the other hand, the effect of indifferent pendant group on the evolution of properties of highly crosslinked networks with the increase of temperature has not been well studied.
The present study aims to investigate the effects the side pendant groups exert on the network properties and the volume-temperature dependence. Better understanding of how crosslinked polymers with different pendant functionalities undergo structural and property changes in response to external stimuli (temperature) should enable a more efficient use of such materials in many applications. So as to achieve this goal, low molecular weight di(meth)acrylate monomers of similar chemical design with different pendant side groups were synthesized and homopolymerized. The monomers were derived from glycerol dimethacrylate and its mono-acrylate/monomethacrylate analog by acetylation of their hydroxyl groups. The features like relatively low molecular weight and low viscosity make them very effective in crosslinking polymerization. Their highly crosslinked networks were studied by DMA and HDT. Also, the monomers were thermally cured and their polymerization conversion was evaluated by DSC.
Experimental

Materials
Glycidyl methacrylate (GMA, 97 %, from Sigma-Aldrich Chemie GmbH), tetraethylammonium bromide (analytically pure, from Merck KGaA Frankfurt), methacrylate and acrylate acids (99 %, from Merck KGaA Frankfurt), hydroquinone (analytically pure, from Merck KGaA Frankfurt), 2,2-dimethoxy-2-phenyloacetophenone (Irgacure 651, UV polymerization initiator, from Ciba Specialty Chemicals), benzoil peroxide (BPO, analytically pure, from Sigma-Aldrich Chemie GmbH)), sulfuric acid (98 %, from POCh Gliwice), acetic anhydride (analytically pure, from POCh Gliwice), diethyl ether (analytically pure, from POCh Gliwice), anhydrous magnesium sulfate (analytically pure, from POCh Gliwice), and sodium hydrogen carbonate (analytically pure, from POCh Gliwice) were used as received.
Synthesis of di(meth)acrylates
Glycerol dimethacrylate (a mixture of isomers) (GDMA) and its mono-acrylate analog (GMMA) were prepared by the reaction of glycidyl methacrylate with methacrylic and/ or acrylic acid. The acid-epoxide addition was carried out in the presence of tetraethylammonium bromide. Both syntheses were stabilized by hydroquinone. The detailed procedures are described elsewhere [29] . The acetylated di(meth)acrylates, acetyloxypropyl dimethacrylate (Acet-GDMA) and acetyloxy-acryloyloxypropyl methacrylate (Acet-GMMA) were obtained by reacting acetic anhydride with GDMA and GMMA, respectively. The general procedure, described in detail for Acet-GDMA in the study [30] , is as follows. A mixture of GDMA (0.438 m), acetic anhydride (0.446 m) and sulfuric acid (0.05 g) was kept at 80-85°C for 3 h. After cooling, the mixture was dissolved in diethyl ether and washed repeatedly with distilled water, 5 wt% of aqueous NaHCO 3 , and distilled water again. After drying over anhydrous magnesium sulfate and filtration, the solvent was removed under reduced pressure at 50°C.
The purified products were obtained in the yield of 79 % for Acet-GDMA (94 g from the initial 100 g of GDMA) and 66 % for Acet-GMMA (79 g from the initial 100 g of GMMA). Molecular structures of the di(meth)acrylates are shown in Fig. 1 Since the catalyst (tetraethylammonium bromide) is characterized by rather small selectivity, the monomers consist of mixtures of isomers. In the present study, this is confirmed by the presence of bands for protons of =CHOH groups (4.4 ppm) and 3.8 ppm bands for protons of -CH 2 OH groups. Likewise, in the NMR spectra of the acetylated di(meth)acrylates there are signals for protons of =CHOR groups (5.3 ppm) and bands for protons of -CH 2 OR groups (4.3 ppm). Based on the NMR analysis, it was evaluated that the isomers with primary hydroxyl groups constitute around 20-25 % of the total [30] .
Curing procedure
The monomers were irradiated by an ultraviolet light (340-360 nm) in the presence of a photoinitiator (Irgacure 651) used in the amount of 1 wt%. Photopolymerization was carried out in glass molds and initiated with four TL20 W/05 SLV low-pressure mercury lamps at 20°C. The compositions in the molds were irradiated from both sides for 10 min. The homopolymers subsequently underwent thermal post-curing at the temperatures above their tan d max i.e., at 160°C for 6 h. Long-term post-curing produces thermally stable networks with lasting properties [31] . Postcured polymers could be repeatedly heated and cooled down and the polymerization should not recommence.
Research methods
1 H-NMR spectra of raw methacrylate monomers were recorded at 20°C on an FT-NMR Bruker Avance (Germany) spectrometer operating at the 1 H resonance frequency of 300 MHz. Chemical shifts were referenced to tetramethyl silane serving as an internal standard.
Elementary analysis of the obtained methacrylate esters and substrates used in the syntheses was carried out using the Perkin Elmer CHN 2400 apparatus.
Viscosities of the methacrylate monomers were measured at different temperatures by means of a rotating spindle rheometer (Brookfield, model DV-III) using appropriate spindles and standard solutions. Viscosity was measured at various spindle speeds (5-150 rpm) and only readings obtained around 50 % torque were recorded and expressed as mPas.
The effect of temperature on viscoelastic properties of the obtained polymers in the area of linear dependence between stress and strain was determined using a DMA Q800 apparatus produced by TA (USA). Thermomechanical properties of the cured polymers were evaluated from storage modulus (E'), and tan d curves obtained at constant frequency (10 Hz) . Measurements for all samples were made in the temperature range 10-260/280°C at a constant heating rate of 4°C/min. Rectangular profiles of the sizes: a = 4 ± 0.2 mm, b = 10 ± 0.2 mm and c C 35 mm were used in the measurements.
Thermal resistance under loading was evaluated using an HDT 3 VICAT apparatus produced by CEAST S.p.A (Italy). Specimens of (4 ± 0.2 mm) 9 (10 ± 0.2 mm) 9 (70? mm) were submerged in an oil bath, and the oil bath heated from 20 to 200/300°C with an initial soak time of 5 min at a heating rate of 2°C/min. The heat distortion temperature was detected by a linear variable displacement transducer as the temperature at which a 2 % deflection under a load of 1.8 MPa occurred. The reported HDT was an average of three measurements.
Expansivity measurements were conducted at atmospheric pressure on an HDT 3 VICAT apparatus (Scheme 1). The sample, a rectangular profile of *(10 ± 0.2 mm) 9 (10 ± 0.2 mm) 9 (4 ± 0.2 mm) is placed on a steel table. A movable steel rod with an adjustable flat end is pressed to the upper end of the sample. The other end of the rod is connected with a linear variable displacement transducer which detects displacements with the precision of 1 lm. The steel rod exerts an additional pressure of 5 hPa on the sample which is neglected since it corresponds to the daily fluctuations of atmospheric pressure. During the experiments, specimens are submerged in an oil bath, and the oil bath is heated from 20 to 220°C with an initial soak time of 5 min at a heating rate of 2°C/min. The heat transfer from the silicone oil to the sample is reckoned to be satisfactory due to small size of the samples and the continuous circulation of the oil. The thermocouple that indicates the sample temperature is placed a few millimeters apart from it in the silicone oil. The rate of temperature change should be also satisfactory because the measurements with the slower rate of temperature change (1°C/min) did not lead to significantly better or different results. Therefore, all measurements were made with the speed of 2°C/min. Before the actual measurements, thermal expansion of the apparatus itself was evaluated by taking sample-free runs and the data for the samples were corrected accordingly.
Differential scanning calorimetry (DSC) measurements were performed on a NETZSCH 204 apparatus at 10°C/min. The calorimeter was calibrated with indium (DH fusion 28.6 J/g, melting point 156.6°C) prior to use. An empty aluminum pan was used as a reference.
Results and discussion
Physical properties of di(meth)acrylates
Glycerol dimethacrylate and its derivatives are yellowish liquids with relatively low viscosities. The acetylated di(meth)acrylates have slightly lower viscosities than their hydroxyl-containing counterparts. This is attributed to the elimination of intermolecular hydrogen bonding owing to hydroxyl groups. Besides, the monomers have comparable densities and refractive indices. These are slightly influenced by acetylation which causes an increase in densities and decrease in refractive indices ( Table 1) .
DMA of the obtained polymers
The DMA scans along with glass transition temperatures are summarized in Figs. 2, 3 and Table 2 .
In Fig. 2 the storage moduli in the function of temperature for the obtained homopolymers are depicted. As can be seen from them, the modulus behavior is well captured and there is no indication of a continued reaction during the temperature scans. This means that the polymers are thermally stable and their networks could be heated without facilitating further crosslinking. Examining Fig. 2 , it can be seen that polymers with hydroxyl groups attached to their networks exhibit higher storage moduli as compared to those with acetylated groups. This tendency is well maintained throughout the analysis. It is therefore possible that hydrogen bonding acting as an additional semi-bonding in the network increases its stiffness. Further, the rubber-like state of three of the networks studied is not attained in the temperature interval of the experiments. Due to their brittleness, the samples brake at the end of the temperature runs and the rubbery plateau cannot be achieved in the current experimental conditions.
As can be seen from the width of the tan d curves (Fig. 3) , it spreads over a very wide temperature range. This extended transition region could be a result of high degree of structural heterogeneity of the networks in which different types of relaxations are superposed. Usually, the broader the tan d peak the more heterogeneous polymer with a wide distribution of relaxation times [8, 9] . Because the glass transition region is spread over a wide temperature range, it is difficult to provide a specific temperature as the glass transition temperature of the material. Therefore,
Silicon oil
Steel similar to the previous reports, the T g was taken as the temperature at the peak of the tan d curve in the glass transition region. Examining the information in Fig. 3 , it can be seen that homopolymers obtained from acetylated di(meth)acrylates exhibit symmetrical tan d plots with only one maximum. On the other hand, the tan d curves of hydroxyl-containing di(meth)acrylates are asymmetrical. In the case of the GDMA homopolymer, the peak comes out at around 80°C but there is also a shoulder in the curve discernible at above 200°C. A similar tendency can be observed in the tan d curve of the GMMA homopolymer where a shoulder is visible at 80°C and a broad peak comes out at higher temperatures. In DMA, the glass transition temperature is associated with the process of segmental relaxation (a) whereas b relaxation, which precedes a relaxation at lower temperatures, implies motions or/and interactions of side groups [32] . It appears that the GDMA homopolymer should have its T g far beyond the tan d peak value which may be caused by strong interactions of hydroxyl groups and hydrogen bonding. Therefore, it is possible that the T g is marked by the shoulder in the vicinity of 200°C. The actual value of T g for the GMMA homopolymer could be understated due to distinct hydrogen bonding too. Further, the symmetrical tan d plots of the acetylated homopolymers do not necessarily mean single a relaxations. It is possible that the peaks cover a as well as b relaxation. This may be due to overlapping of both relaxations of which a is reduced in highly crosslinked network whereas b is intensified by ample amount of acetyl groups and pendant unsaturations. Similar tendency was observed in one of my previous studies [33] . Besides, the glass transition temperature could depend on the degree of structural heterogeneity [29] .
Examining Fig. 3 further, it can be seen that the GDMA and GMMA homopolymers have significantly broader widths and lower values of the tan d peaks than their acetylated analogs.
As was already mentioned, the heterogeneity of the network manifests itself as a wide distribution of relaxation times because there exists a very broad distribution of mobilities in the matrix. It can be qualitatively evaluated by examining the width of the tan d peak. Regarding the results in Fig. 3 , it is evident that hydroxyl-containing monomers produce networks with higher distribution of relaxation times than their acetylated counterparts.
It could be presumed that the quasi-network hydrogen bonded structure which probably forms during polymerization of hydroxyl-containing monomers increases the heterogeneity of the final polymer.
Interestingly, the polymers with high degree of structural heterogeneity may have their T g shifted towards lower values. When comparing the homopolymers of GDMA and Acet-GDMA, the latter has more homogeneous structure and higher T g value. It appears that high network heterogeneity as well as overlapping of both relaxations are plausible reasons for the decreased glass transition temperature.
HDT and expansivity measurements
In Fig. 4 , the HDT curves of the di(meth)acrylate homopolymers are depicted. The values of HDT decrease in the order of poly-GDMA [ poly-GMMA [ poly-Acet-GDMA [ poly-Acet-GMMA. The HDT plots for GDMA and GMMA homopolymers have typical shapes where deflection exponentially increases with temperature. Different shapes of HDT plots were obtained for the acetylated homopolymers. Under a load of 1.8 MPa all polymer samples start to gradually deflect with the increase of temperature. In the first stage of a temperature increase, the largest displacement is observed for the GMMA homopolymer. At the temperatures above 100°C, the acetylated polymers cease to deflect, the Acet-GDMA homopolymer even reverts its distortion to some extent. At the temperatures above 160-180°C they deflect again until the final HDT values are achieved. In a temperature range from 100 to 180°C, there can be observed an apparent increase in stiffness. However, as indicated by the DMA results all discussed polymers lose their modulus as the temperature increases over the entire range of analysis. Since the chemical reaction can be ruled out (the specimens have been thermally post-cured at 160°C), a physical process must be involved in this anomalous behavior.
It appears that the observed tendencies can be partially explained by the thermal volumetric expansion of the studied networks. This physical process has to be significant since it withstands or even overcomes the static force of the 1.8 MPa load. In other words, the specific volume of the acetylated polymers seems to increase faster than they deflect. It might be the cause of the plateau as well as the reversal displacement seen in the HDT plots of Acet-GMMA and Acet-GDMA homopolymers.
w?>Fortheisotropicsamplesvolumechangesareeasilycal-culatedfromthechangeinonedimension [34] .Inthepresentstudy, thespecificvolumeVwascalculatedaccordingto
with the V 0 specific volume at atmospheric pressure and 20°C as determined from mass and volume measurements, the l 0 length of the sample under the same conditions, the Dl measured difference between the length l and T, and l 0 . In most cases the third term on the right side of equation (1) is negligible. Figure 5 shows DV (%) versus temperature curves obtained from the relation:
As can be seen the thermal expansion seems to depend on the type and/or size of pendant side groups. Hydroxyl groups and acetyl groups differently influence on the network properties. Due to the presence of hydroxyl groups hydrogen bonds can be formed. Constituting an additional semi-bonded structure in a covalent-bonded network, they may increase its stiffness (crosslinking density). At some point, at higher temperatures when the crosslinks start to dislocate in the network, the hydrogen bonds would break gradually. Unbound hydroxyls, due to small size, should not interact as significantly with the neighboring chains between the crosslinks as acetyl groups larger in size. The latter apparently exert stronger effect on the network at higher temperatures. A possible mechanism of thermal volumetric expansion is depicted in Fig. 6 . As opposed to the both-ends-connected network chains whose movements are restricted by the tangle of crosslinks, it is possible that the one-end-connected side groups and pendant unsaturations can partially change their position in the nearest space due to segmental rotations of atoms connected by single bonds. The rate of rotations would increase with the increasing temperature, and so would intensify the interactions with the neighboring chains. Being in a constant move the side groups would increase the range of their occupation in the surrounding space as the temperature increases. When enforcing the necessary room, they would cause the network to expand. Also, the presence or lack of an additional methyl group has its effect on the network. Having less rigid backbone the GMMA homopolymer, as opposed to the GDMA one, reaches its deflection point earlier. The presence of an additional methyl group in the Acet-GDMA increases the stiffness of the backbone homopolymer and as a consequence, the effect of ''swelling'' is less pronounced. So as to attain the same stiffness the acrylate/methacrylate homopolymer would have to reach a higher crosslinking density than its dimethacrylate counterpart. It may not be so, as proved by DMA and the double bond conversions which were found fairly equal for all homopolymers (see below). Interestingly, the hydroxyl-containing homopolymers, which have far more rigid networks than their acetylated analogs, do not show any anomaly in their HDT characteristics.
Conversion of unsaturated bonds
Conversion of double bonds in multifunctional methacrylates is rarely complete because of immobilisation, gelation, vitrification or steric isolation. In real systems, i.e., in chemically or lightly cured dimethacrylates, the conversion of double bonds ranges from 55 to 75 % [35, 36] .
The di(meth)acrylate monomers used in this study can be considered as relatively low molecular weight crosslinking agents, in which methacrylate double bonds are separated by a short multiester chain. Usually, in order to find the conversion degree, intensities of peaks responsible for stretching vibrations of the C=C (1,637 cm -1 ) group before and after polymerization are compared. Depending upon the monomer type and comonomer composition, different peaks are used as internal standards.
In the present study, the polymerization conversion (DC) of the dimethacrylates was measured by DSC. The monomers were thermally cured with the use of BPO (1 wt%). To calculate the DC the following equation was used
where DH is the curing enthalpy of the sample, M w the molecular weight of a di(meth)acrylate, H m and H a the theoretical enthalpies of polymerization of one functional group-for the methacrylate double bond it equals 57 kJ/ mol, for acrylate 82 kJ/mol [37] , respectively, n m and n athe number of methacrylic and acrylic groups per monomer molecule, and m-the weight of the sample. The conversion degree dependence on the type of monomer is shown in Table 3 .
So as to evaluate the DC, the heat of polymerization was measured in the range between 60 and 180°C. As can be seen from the data in Table 3 , all monomers are characterized by similar double bond conversions ranging 70-74 %. These values are presumed as maximum conversions attainable, and based on previous results [22] I hypothesize that the values of DC in networks cured by UV light and thermally post-cured should be fairly comparable. The acetylated monomers are characterized by slightly higher values of DC. This may be due to increased probability of cycle formation because of large pendant groups which additionally reduce the total amount of double bonds per sample weight/volume by increasing molecular weight. The values of DC for mono-acrylate monomers could be overestimated due to different reactivities of functional groups which were not accounted for in Eq. (3). These mean values were calculated assuming the ''alternating'' mode of polymerization of both polymerizable groups. Such assumption seems to be justified since more reactive radicals would preferably react with more reactive monomers. Nevertheless, one has to remember that the actual DC can differ from what was shown in Table 3 .
Conclusions
In this study, it was shown how the presence of a pendant group may affect the thermo-mechanical properties of four different di(meth)acrylate networks. Dynamic mechanical measurements have demonstrated that the range of segmental and global mobilities in a crosslinked structure depends strongly on the nature of (meth)acrylate monomers used. Polymerization of monomers with the pendant hydroxyl groups as opposed to the acetyl groups seems to result in more heterogeneous networks. This heterogeneity might even deepen when more branched monomers are polymerized. Further, it was shown that the volume-temperature characteristics of a highly crosslinked structure depend strongly on the size/type of pendant groups. Large pendant groups and pendant unsaturations due to increased segmental mobility in respect to the immobile chains between crosslinks can cause a drastic increase in thermal expansion of the network. It is noteworthy that such network may increase its volume with temperature at faster rates than it increases its elasticity.
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